FePt/ Fe 3 Pt bulk nanocomposite magnets have been prepared by the spark plasma sintering of chemically synthesized FePt and Fe 3 O 4 nanoparticles under 100 MPa at 400-600°C. It was found that the phase transition of the FePt compound from the face centered cubic to the L1 0 started at 500°C and was almost completed at 600°C during the sintering. The activated atomic diffusion during the phase transition led to a significant increase in density. The density about 70% of the theoretical value has been obtained. Grain size of the sintered samples remains nanoscale even after a postannealing at 700°C. Pressure rather than temperature was more effective in enhancing intergrain exchange coupling compared to temperature. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2710811͔ Nanocomposite magnets consisting of a hard magnetic phase with high coercivity and a soft magnetic phase with high magnetization have attracted considerable interest since they could potentially provide a maximum energy product ͑BH͒ max in excess of 100 MG Oe for anisotropic 1,2 and 35 MG Oe for isotropic magnets. [2] [3] [4] The magnetic behavior of these exchange-coupled nanocomposites is closely related to grain size and nanostructured morphology. Effective exchange coupling can be obtained only if dimensions of the soft-phase component in a nanocomposite magnet are not larger than a critical length ͑typically in the range from several to several tens of nanometers͒. [5] [6] [7] [8] Unfortunately, grain sizes of nanocomposite magnets fabricated by conventional top-down methods are usually much larger than the critical length. Recently, exchange-coupled FePt/ Fe 3 Pt nanocomposite magnets prepared from chemically synthesized nanoparticles have attracted great interest due to the controllable microstructure and the excellent magnetic properties. 9 However, fabrication of bulk nanocomposite magnets from nanoparticles remains a great challenge. Spark plasma sintering ͑SPS͒ is known as one of the sintering and condensation techniques. [10] [11] [12] The SPS process utilizes a high-frequency, momentary local heating to obtain compacted and sintered specimen. The high sintering speed can effectively restrain grain growth and allow the formation of high-density fine crystalline materials in a short consolidating time. In this work, we report the structure and magnetic properties of bulk FePt/ Fe 3 Pt nanocomposite magnets prepared by SPS processing of chemically synthesized FePt and Fe 3 O 4 nanoparticles.
The 4 nm disordered face-centered-cubic ͑fcc͒ FePt and 6 nm Fe 3 O 4 nanoparticles were chemically synthesized by the standard airless chemical solution procedures 13, 14 and then were mixed with the mass ratio of about 8:1 in a solution before centrifugation. The dried nanoparticles were heated under Ar atmosphere at 350°C for 1 h to remove the surfactants. The prepared powders were then placed in a carbon die and sintered under a vacuum by spark plasma sintering at 400, 500, and 600°C for 600 s. The samples were named as SPS400, SPS500, and SPS600, respectively. A pressure of 100 MPa was applied during the heating of the specimens. The Archimedes method was employed to measure the bulk sample density. The morphology and crystalline structure were characterized by scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, and x-ray diffraction ͑XRD͒ using Cu K␣ radiation. The chemical ordering parameter S is calculated by the equation S Х 0.85͓I 001 / I 002 ͔ 1/2 , where I 001 and I 002 are the integrated intensity of ͑001͒ and ͑002͒ diffraction peaks from XRD patterns, respectively. 15 The composition of the sintered samples was checked by energy dispersive x-ray ͑EDX͒ analysis in both SEM and TEM. Magnetic properties were measured with a superconducting quantum interference device ͑SQUID͒ magnetometer with a maximum applied field of 70 kOe. Table I gives the dependence of the compacted density on the sintering temperature T s . It can be seen that the density increased with increasing T s which can be attributed to the monotonic decrease of yield strength of the FePt phase with temperature. 16 When T s Ͼ 500°C, it is interesting to find that the compacted density increased nonlinearly with T s . It cannot be simply explained with the yield strength- temperature relationship and may be related to the phase transition of FePt phase from disordered fcc to ordered L1 0 structure during the sintering, which will be discussed in detail later. As we know, the atoms are activated during the phase transition and are more mobile than the situation without a phase transition since they need to rearrange themselves during the phase transformation. The enhanced atomic diffusion promoted densification of the compacts and resulted in a high density. Similar phenomenon has also been observed in our warm compaction experiments. Figure 1 shows the typical SEM images of the sintered samples. The SPS400 sample is mainly consisted of small particles ͑around 1 m͒ while some large particles are formed. With increasing T s to 500°C, the particle size increased slightly. Sintering at 600°C led to the significant growth of particles ͑around 50 m͒ and thus the highest density. As a result, the SPS600 has the highest density ͑about 10.1 g / cm 3 ͒ which is 70% of the theoretical value. This value is far lower than the density that can be achieved by the SPS technique for microsized particles. [10] [11] [12] Shown in Fig. 2 9 Approximately 13% volume fraction of Fe 3 Pt phase in SPS600 was determined by using the method Rietveld refinement of the XRD pattern.
17,18 EDX analysis shows that the oxygen percent decreases from 10.5% for SPS400 to 2.5% for SPS600, which agrees with the XRD results showing the disappearance of Fe 3 O 4 and formation of Fe 3 Pt. The Fe 3 O 4 decomposition temperature is much lower than that reported in the literature. 19 This may be attributed to the vacuum condition during the sintering or the activated atom diffusion during the phase transition of FePt component. Figure 3 shows the dependence of average grain size on the annealing temperature for the bulk sample sintered at different temperatures. The grain size was evaluated with XRD measurements using Williamson-Hall analysis for line broadening. 20 As one can see, the grain sizes are about 7.5 nm, 10.0 nm, and 17.3 nm for the SPS400, SPS500, and SPS600, respectively. The TEM analysis ͑as presented in Fig. 4͒ shows that the grain sizes are around 5-8 and 18-22 nm for SPS400 and SPS600, which agree with the XRD analysis. The selected area electron diffraction ͑SAED͒ patterns ͑not shown in the figure͒ confirmed the coexistence of fcc FePt and Fe 3 O 4 phases in SPS400 and the disappearance of Fe 3 O 4 phase in SPS600. As can be seen from Figs. 3 and 4, the grain sizes are quite small compared to those for materials fabricated by traditional techniques. It is also interesting to find that the grain size only increased to 23 nm for SPS600 sample even after annealing at 700°C for 1 h.
The effort made in controlling grain size is to realize the effective intergrain magnetic exchange coupling. The ␦m measurements ͑Henkel plot͒ 21, 22 were performed to compare the SPS nanocomposite magnets. It is found that the positive   FIG. 3 . The dependence of grain size on annealing temperature for SPS400, SPS500, and SPS600. The open star represents the grain size of the starting powders ͑4.9 nm͒. ␦m value, i.e., the exchange coupling, of the 400°C annealed SPS600 sample is much higher than the 600°C annealed SPS400ϩFG600. This means that pressure during the phase transition is more beneficial for the intergrain exchange coupling than that of a simple heating by annealing. The magnetic properties of the SPS samples can be further improved by postannealing during which the formation of the L1 0 FePt phase and the Fe 3 Pt phase was more complete. Figure 5 gives the dependence of magnetic properties on annealing temperature ͑T a ͒ of the SPS samples. It can be seen from Fig. 5 that the M s of SPS400 and SPS500 increases with increasing T a , which should be due to the decomposition of Fe 3 O 4 phase and formation of Fe 3 Pt phase as discussed above. While M s of SPS600 almost fixed with varying T a . This means that the Fe 3 O 4 was almost decomposed during the sintering. This agrees with the oxygen content change. The as-sintered SPS400 shows zero coercivity H c which means that the temperature of 400°C is not high enough for phase transition from fcc to L1 0 . The SPS500 shows a H c around 1.5 kOe even the phase transition started since the chemical ordering S is only 0.58. The annealing thus increases the coercivity with increasing T a for SPS400 and SPS500. However, for SPS600, S and H c are fixed at around 0.8 and 11.5 kOe with varying T a . With both high M s and H c , and strong intergrain exchange coupling, maximum energy products of 8.3 MG Oe calculated from real density and 16.5 MG Oe calculated from the full density can be obtained for SPS500 by annealing at 500-600°C for 1 h.
In summary, FePt/ Fe 3 Pt bulk nanocomposite magnets have been obtained by the spark plasma sintering of chemically synthesized FePt and Fe 3 O 4 nanoparticles. Density about 70% theoretical value has been obtained by the SPS technique. It is found that the phase transition from fcc to L1 0 structure starts at 500°C and is almost completed at 600°C. The density increases significantly during the phase transition, while the grain size is still retained in the nanoscale even after annealing at 700°C. It is interesting to find that pressure during the phase transition is more beneficial for intergrain exchange coupling than that of simply sintering by annealing. 
